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Abstract 
A multi-functional differential spectral responsivity (DSR) measurement system for primary calibration of the short-
circuit current (SCC) of reference solar cells with WPVS (World Photovoltaic Scale) design [1] is reported in this 
paper. Based on the dual beam principle, the system is able to measure DSR at different bias levels, spatial 
uniformity, linearity, temperature coefficient of the spectral responsivity of reference cells in the spectral range from 
280 nm to 1200 nm. The measurement principle, system design and construction as well as the performance of the 
system are described in this work. An uncertainty  d 1% for SCC measurement is confirmed by experimental results.  
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Solar Energy 
Research Institute of Singapore (SERIS) – National University of Singapore (NUS). The PV Asia Pacific 
Conference 2011 was jointly organised by SERIS and the Asian Photovoltaic Industry Association 
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1. Introduction 
The energy conversion efficiency is the most critical parameter of any solar photovoltaic (PV) devices 
and needs to be accurately measured. Currently, there are only a few leading metrology/testing 
laboratories in the world which are able to perform such measurement at the primary level directly 
traceable to the radiometric scale based on the International System of Units – the SI.  
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Solar cell calibration under standard testing conditions (STC) can be carried out either outdoor under 
natural sunlight conditions or indoor under an artificial solar simulator. While the latter is able to provide 
full I-V characteristics of a solar cell, it is not considered a primary calibration as its accuracy relies on 
the reference solar cell used to set the standard irradiance conditions and spectral mismatch correction 
applied due to the non-perfect matching of the solar simulator spectrum to the AM1.5 reference solar 
spectrum. On the other hand, determination of the SCC by measurements of DSR of the solar cell at 
different bias conditions is widely recognised as the most accurate method of calibration especially for 
solar cells with poor linearity. The best reported uncertainty using such method is ~ 0.25% [2]. 
In order to provide traceability to the local solar industry, the National Metrology Centre (NMC) of 
Singapore has developed a multi-functional DSR measurement system for primary calibration of the SCC 
of reference solar cells under STC defined by the International Electrotechnical Commission (IEC). 
   
This paper describes the DSR measurement principle, system design & construction as well as 
performance of the system developed. The results on spectral responsivity and SCC confirm that the 
system is capable of primary calibration with an uncertainty below 1% for SCC measurement.
2. Measurement principle [2, 3] 
For a linear solar cell, its broadband irradiance responsivity s=Isc(E)/E, determined by the ratio of the 
SCC Isc generated by the applied irradiance E (W/m
2) , is a constant, independent of E. For a nonlinear 
cell, however, the differential irradiance responsivity (DIR) must be taken into account:  
where Eb is a sun-like broadband bias irradiance under which the DIR is measured. 
As the calibrated SCC of a solar cell refers to standard testing conditions (STC) required by IEC 
60904-3, Ed. 2, 2008 [4], the spectrally resolved DSR, ratio of the change of SCC to the change of a 
spectral irradiance generated by a monochromatic probe beam under a bias irradiance Eb:
must be measured first before the DIR as function of SCC of the solar cell under test in accordance with 
AM1.5 global reference solar spectrum [4] can be calculated by  
Note that the expressions for both DSR and DIR use the short-circuit current Isc (Eb) instead of the bias 
light Eb as a parameter as it is easily measurable using a source meter.  
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If DIRs at different bias levels are measured, the SCC under STC, ISTC, can be decided by finding the 
upper limit of the following equation: 
   
where ESTC = 1,000 W/m
2 is the irradiance under STC.  
3. System design and main features 
In order to fully calibrate and characterise solar cells with the highest accuracy, we have designed and 
constructed a DSR calibration system (Fig. 1) based on the same principle originated from PTB [2, 3] 
with some special built-in features. A quasi-monochromatic probe beam used in the measurement is 
produced by a light source (1600 W Xe discharge or 1000 W halogen lamp) through a double-grating 
monochromator and modulated by a mechanical chopper. The insertion of a specially designed micro-lens 
array in the collimating optics ensures good spatial uniformity of the probe beam with a divergence angle 
of 5q. A sample stage capable of holding a large solar cell (156 mm × 156 mm), two WPVS reference  
Fig. 1. Schematic of the DSR measurement system
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cells (20 mm × 20 mm) and two reference photodiodes (Si and InGaAs) with precision apertures of 
nominal diameter of 4.0 mm is mounted on a motorised X-Y-Z stage (Fig. 2) which enables accurate 
alignment of any of the above components to the probe beam. The temperature of the sample stage is 
normally set at 25qC controlled by a closed loop temperature control chiller. The temperature of the solar 
cells can also be individually controlled by separate thermal electrical controllers from 20qC to 60qC for 
temperature coefficient measurement. 
As the probe beam is slightly divergent, increasing the distance of the sample stage from the probe 
beam optics allows the probe beam to overfill solar cells of sizes from 20 mm × 20 mm up to 156 mm x 
156 mm. An array of 24 halogen lamps (50 W), arranged in a two-layered circular geometry, is used to 
provide the required bias irradiance on the test solar cell for DSR measurement with the level of bias 
adjustable by changing the combinations of the lamps switched on and the distance between bias light 
with the sample stage. The alignment of the lamps is optimised so that the non-uniformity of bias 
irradiance on the sample plane is better than 1.7% over an area of 20 mm × 20 mm. To correct for 
variation of the probe beam power, the probe beam is sampled by a monitor photodiode (Si or InGaAs) 
via a beam splitter in the optical path of the probe beam. 
In the detection system, the phase-sensitive AC measuring technique using lock-in amplifiers is used 
to separate the weak probe beam (modulated ac signal) from the strong bias background irradiance (DC 
signal). When the reference photodiode is aligned with the probe beam, which overfills the aperture on 
the reference diode, both ac signals from reference and monitor photodiodes are simultaneously recorded 
at every wavelength during each scan and their ratio is used as reference. When the probe beam is aligned 
to the test solar cell, both ac signals from the solar cell and monitoring photodiode is also simultaneously 
recorded and their ratios calculated. If no bias is applied, the relative spectral responsivity of the solar cell 
can be calculated from the calibration data of the reference photodiode multiplied by the ratio of the two 
Fig. 2. Photo of the motorised sample stage and bias lighting system 
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recorded ratios. With a bias applied, the DSR is measured instead and the SCC from the test solar cell is 
directly obtained by a DC source meter when the probe beam is blocked. Measurement errors caused by 
the fluctuation of the probe beam power during the two scans are corrected by this procedure. The use of 
the beam homogenizer greatly improves the probe beam uniformity better than 0.5% over the sample area 
and error due to the area difference between the test solar cell and reference photodiodes is corrected 
using data from spatial uniformity measurement of the probe beam. The two reference photodiodes used 
in the system are calibrated against NMC’s spectral responsivity scale with an uncertainty typically ~ 0.1 
% in the visible spectral range and 1-2% below 400 nm and above 1100 nm. The absolute spectral 
irradiance responsivity (SR) of the solar cell under test (DUT) at specified wavelength (650 nm) is 
calibrated by directly comparing the ac short-circuit currents generated by DUT and reference Si 
photodiode (with precision aperture)  using a common calibrated current amplifier 
where A is the aperture area. Correction is made to count for the slight difference in spectral irradiance 
received by the DUT and reference photodiode due to their area difference using spatial uniformity data 
of the probe beam. 
The program in the system can be used to perform the following functions:  
For system characterisation: 
x Input light stability at any wavelength;  
x Bias beam calibration against distance of sample stage;  
x Spatial uniformity of probe beam at any selected wavelength on the sample plane; 
x Spatial uniformity of bias irradiance on the sample plane.   
For calibration and measurement:  
x Calibration  of spectral responsivity (SR) of single solar cells of sizes up to 156 mm × 156 mm without 
bias light applied; 
x Calibration of DSR of WPVS single solar cells (20 mm × 20 mm) at five bias levels of 0.2 to 1.0 sun 
(1 sun is defined as 1000 W/m2 under STC conditions) at 25qC or any defined temperature from 20qC
to 60qC;
x Spatial uniformity of spectral responsivity of the test solar cell; 
x Linearity of spectral responsivity of the test solar cell at any selected wavelength; 
x Temperature coefficient of the test solar cell over 20qC to 60qC.
The wavelength range for SR and DSR calibration is currently from 280 nm to 1200 nm,  
sufficient for silicon based PV cells and can be easily extended to 1600 nm without changing any major 
parts or optics. 
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4. Results and discussions 
A comparison of the results of a preliminary calibration of a mono-crystalline WPVS reference solar 
cell (20 mm × 20 mm) performed by our new DSR measurement facility with the calibration report issued 
by PTB on the same cell is given in Table 1:  
Table 1. Comparison of calibrations by NMC versus PTB. All uncertainty values refer to relative expanded uncertainty at a level of 
confidence approximately 95% with a coverage factor k = 2 evaluated according to GUM [5]. 
Parameter PTB NMC Relative Difference 
NMC/PTB 
Absolute spectral responsivity @ 650 nm 
(mA·W-1·m2)/relative uncertainty  
0.15333/ 0.30% 0.15244/ 0.50% - 0.58% 
Short circuit current (mA) under STC / 
 relative uncertainty
115.46/ 0.50% 115.10/ 1.0% - 0.31% 
While the absolute spectral irradiance responsivity value at 650 nm calibrated by NMC is smaller than 
PTB calibrated value by 0.58%, the difference in short-circuit current calibration is only 0.31% in the 
same direction within the estimated uncertainty. The system is currently under final evaluation and 
optimisation, and a formal comparison with other national metrology laboratories are being planned in 
2012.  
5. Conclusions 
A multi-functional differential spectral responsivity measurement system for solar cells has been 
developed at the National Metrology Centre of Singapore.  The system is capable of performing primary 
calibration on short-circuit current with expanded uncertainty below 1% and measurement of many other 
characteristics of single solar cells of sizes from 20 mm × 20 mm to 156 mm × 156 mm in the spectral 
range of 280 nm to 1200 nm.    
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